Ab initio-based intermolecular carbon-carbon pair potentials for polycyclic aromatic hydrocarbon clusters
We derived the carbon-carbon pair potentials for polycyclic aromatic hydrocarbon ͑PAH͒ clusters, which exhibited a strikingly similar geometry to that of the two-layer graphite. The binding energy of PAH clusters ranging in size from the benzene dimer to the pyrene dimer obtained by ab initio calculations at the MP2 level was used to extract the pair potentials in the form of the Lennard-Jones and Exponential-6 functions. Identical binding energy and equilibrium interlayer distance were reproduced by these functions to those calculated by the ab initio method. The pair potentials for PAHs yield the same equilibrium C-C distance as the known pair potentials for graphite and fullerenes, but nearly twice the well depth because of the polarization of the C-H bond. © 2005 American Institute of Physics. ͓DOI: 10.1063/1.1845432͔
The lattice sum method using atomic pair potentials has been widely used to estimate the binding energy and other physical properties of conjugated carbon materials such as graphite, fullerenes, and nanotubes. [1] [2] [3] [4] [5] In the case of graphite, its interlayer binding energy and compressibility have been calculated from the Lennard-Jones ͑LJ͒ and exponential-6 ͑Exp-6͒ type potentials. [1] [2] [3] [4] [5] Likewise, for conjugated hydrocarbon systems such as polycyclic aromatic hydrocarbons ͑PAHs͒, the pair potentials of Exp-6-1 type have been derived for benzene ͑Bz͒, naphthalene ͑Np͒ and anthracene ͑At͒ from the crystal structure and partial atomic charges. 6 In the rapidly growing area of materials and supramolecular chemistry, a pair potential for larger PAH systems is in great demand. 7 Calculation of the partial atomic charges for a large PAH is a daunting task, however, and thus there is no universal pair potential available for PAHs to date.
In this paper, we report the intermolecular carboncarbon ͑C-C͒ pair potentials for the PAH clusters based on their binding energy obtained by MP2 level ab initio calculations. The resulting pair potentials turn out to describe the interactions of PAH clusters very well and are even closely related with the C-C interactions of graphite in a scalable way. All PAH clusters examined in our study, up to the pyrene ͑Py͒ dimer, were found to have a common geometry of parallel-displaced type as if they were embedded in a twolayer graphitic structure.
We have shown in our recent theoretical study of the PAH clusters ranging in size from (Bz) 2 to Np-At that their stable geometry is remarkably identical to that of the twolayer graphite and that their binding energy is proportional to the number of overlapping hexagons between the pair of PAHs ͑''the integer rule''͒. 8, 9 The optimized interplanar distance of these clusters decreases as the size of the PAH molecule increases, reaching the graphitic value 10 of 3.35 Å at (Np) 2 with no further change. For the smallest cluster of (Bz) 2 , it is well-known that there exist two local minima of nearly equal energy between the T-shaped and paralleldisplaced structures. 11 As the size of the PAH molecule increases, the parallel-displaced form that resembles the twolayer graphite becomes more stable than the T-shaped one. The dominant force in the former is the -stacking interaction, which increases with the size of the PAH system, in contrast to the more localized -hydrogen bond that governs the latter. The graphitic structural motif becomes predominant as early in the PAH series as Bz-Np. The result of our newly refined calculation 12 for clusters up to (Py) 2 at a higher scanning resolution of 0.05 Å in interplanar distance is summarized in Table I and Fig. 1 . In PAH clusters, the dispersion force that governs the attractive interaction favors the geometry with the largest -overlap, while the electrostatic interaction tends to avoid a direct ͑face-to-face͒ overlap of carbon atoms between the two layers in order to minimize the electron repulsion and the quadrupole-quadrupole moment interaction. 8, 9, 14 The parallel-displaced graphitic geometry of the PAH clusters appears to be the result of a compromise between these two opposing factors.
In an attempt to take advantage of the striking geometrical resemblance between the PAH clusters and graphite, we tried to derive the LJ and Exp-6 type potential functions for the interlayer C-C pair from our ab initio binding energies 15 for the PAH clusters fixed at the geometry of graphite ͑Table II͒. In the lattice sum, we assumed that the self-consistentfield energy, ⌬E SCF , from the ab initio result corresponds to the repulsive term of the pair potential, while the electron correlation energy, ⌬E COR , accounts for the attractive term, in view of the fact that ⌬E COR of the PAH clusters is well represented by a function that varies as r Ϫ6 . 16 We obtained three simple equations, two for the repulsive interaction and one for the attractive one: 
͑3͒
where i and j are the indices for the carbon atoms of the two different constituent planes, r i j is the inter-carbon distance, and n i j is the total number of counted pairs in the cluster. The additional terms B/n i j , BЈ/n i j , and D/n i j to the original potential functions are introduced in order to ensure convergence to zero energy in the graphitic limit ͑the infinite PAH͒.
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Equations ͑1͒-͑3͒ are plotted in Figs. 2͑a͒-2͑c͒, which demonstrate that the binding energy of the PAH clusters is remarkably well-described by these interlayer C-C pair potential functions. The binding energy ⌬E is obtained from ⌬Eϭ⌬E SCF ϩ⌬E COR for both the LJ and Exp-6 pair potentials, whose working formulas are given by Eqs. ͑4͒ and ͑5͒, respectively: a The same computational method as in Refs. 8 and 9 was employed for all calculations, except for a higher scanning resolution of 0.05 Å in interplanar distance. The geometry of the pyrene monomer was newly calculated at the MP2/6-31G*͑0.25͒ level with geometry optimization and used in the calculation for the dimer.
b ⌬x and ⌬y ͑in Å͒, depicted in Fig. 1 , denote the deviations in planar directions from graphitic geometry ͑Ref. 13͒, while ⌬z ͑in Å͒ denotes the interplanar distance. c The binding energy, ⌬E ͑in eV͒, is evaluated from ⌬EϭE(AB)ϪE(A) ϪE(B), where E(AB), E(A), and E(B) are the molecular energies of the A-B complex, monomer A, and monomer B, respectively. TABLE II. The binding energy ͑in eV͒ of polycyclic aromatic hydrocarbon clusters of graphitic geometry shown in the bottom panel of Fig. 1 The same computational method was employed as in Refs. 8 and 9, except that the interlayer distance of all clusters is now fixed at 3.35 Å with their lateral geometry fixed to the graphitic geometry with the direct overlap of the reference carbon atoms of both moieties. This approach yields an error of less than 0.1 Å in geometry ͑Ref. 13͒. Because the binding energy difference due to the displacement of 0.1 Å at the graphitic geometry is very small ͑0.007 eV͒ even for the largest system treated here, the error in binding energy arising from our graphitic geometry is negligible. ⌬E SCF is the self-consistent-field energy and ⌬E COR is the electron correlation energy. ⌬Eϭ⌬E where ⌬E is in eV and r i j is in Å. The binding energy of the PAH clusters recalculated by these formulas gives nearly identical value to the ab initio energy mostly within 3%, except for the case of (Bz) 2 , as shown in Table II . Figure  2͑d͒ shows the binding energy of (Np) 2 relative to the interplanar distance as an example. Both potentials reproduce the ab initio values very well in the attractive region and around the minimum, but in the repulsive region the Exp-6 potential gives a better result than the LJ potential. In order to see the basis set dependency, another basis set ͑6-31ϩG*͒ was employed in the same manner, which again yielded the linearity ͓see Figs. 2͑a͒-͑c͔͒, with a slight change in the slope and intercept ͓Eqs. ͑6͒ and ͑7͔͒:
The recalculated binding energy of each cluster by these potentials also agreed well with the ab initio results ͑Table III͒. In all the cases, the deviation in binding energy was largest for clusters containing benzene, as expected from its highest hydrogen/carbon ratio. It is significant that these pair potentials seem to yield the interlayer binding energy and interplanar distance remarkably well for a generic system of PAH clusters, regardless of their sizes all the way up to (Py) 2 .
Since a single graphite layer amounts to an infinite-size PAH without peripheral hydrogens, it is interesting and worthwhile to examine the differences in the interlayer C-C interaction between PAH systems and other all-carbon materials such as graphite, fullerenes, and nanotubes. 18 It is also of immense interest to check whether the PAH clusters can be used, within a scale factor, as a mimic system for ''nanographite'' that is within the reach of a high level ab initio calculation unlike graphite itself. 19 The potential functions for PAH clusters derived by our method yield nearly the same equilibrium C-C distance (x 0 ) as for all-carbon materials, while its potential well depth ͑⑀͒ is nearly twice larger ͑Fig. 3͒. The latter is a direct result of the fact that both the repulsive and attractive constants ͓A and C in Eqs. ͑1͒ and ͑3͔͒ for PAHs are about twice those for graphite. 2, 20 In comparison with graphite, the polarization of the C-H covalent bond in PAH leads to an increase in not only the repulsive The same computational method was employed at the MP2/6-31ϩG* level as in Table II . The geometry of the pyrene monomer was newly calculated at the MP2/6-31G* level with geometry optimization and used in the calculation for the clusters. Due to the large size of these clusters, the calculation was performed only up to naphthalene-pyrene. ⌬E SCF is the self-consistent-field energy and ⌬E COR is the electron correlation energy. ⌬Eϭ⌬E electrostatic and exchange-repulsion interactions between a pair of PAHs but also the attractive dispersion force by enhancing the electron densities on carbon atoms. The relatively large H/C ratios for the PAHs of our study ͑H/Cϭ1 for Bz to 0.625 for Py͒ seem to preclude such a discrepancy against graphite whose H/C ratio is 0. However, the fact that the pair potentials for the PAH clusters describe the properties of graphite in a scalable way, together with the perfectly graphitic geometry of the PAH clusters, indicates that even the relatively small PAH clusters treated in our study share essentially the same types of interlayer interaction with graphite. We project that ab initio calculations for larger PAH clusters may lead to pair potentials that converge, at a certain value of H/C ratio, to those of graphite.
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